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 Abstract 
The Arctic tundra has been considered as one of the most sensitive areas to global climate 
change. One impact of global warming is that permafrost thawing could result in more 
waterlogged and anaerobic conditions, and consequently an increasing release of methane 
(CH4) to the atmosphere. These potential CH4 emissions can further amplify global warming. 
Therefore, it is important to assess the quantity of CH4 emissions from Arctic tundra wetlands 
and their sensitivity to climate change. Process-based CH4 modelling is commonly used to 
estimate CH4 emissions using single-source fractional wetland maps; however, it is not clear 
how the difference among multisource of fractional wetland maps affects CH4 estimations. In 
this study LPJ-GUESS WHyMe was applied to simulate CH4 emissions of Arctic tundra 
between 1961 and 2009 by using multisource fractional wetland maps, and their quantitative 
and qualitative differences in estimating CH4 emissions from these fractional wetland maps 
was compared. Parameter sensitivity tests and a parameter optimization for the model were 
performed before the model was applied to Arctic tundra. The CH4/CO2 production ratio under 
anaerobic conditions (CH4/CO2) and fraction of available oxygen used for methane oxidation 
(foxid) were identified as the most important model parameters in estimating total CH4 fluxes of 
Arctic tundra in the period 1961-2009. The regional simulation using multisource fractional 
wetland maps showed that the uncertainties of CH4 emissions in Arctic tundra caused by 
fractional wetland maps were larger than that due to parameter uncertainty. However, the 
temporal variability of CH4 emissions in Arctic tundra is not significantly different when using 
different fractional wetland maps. For different transport pathways of CH4 emissions, diffusion 
was determined as the dominant pathway for methane transport from wetland to the atmosphere 
in Arctic tundra. CH4 fluxes in Arctic tundra are more sensitive to soil temperature at 25 cm if 
the water table position is above the soil surface. 
Keywords: LPJ-GUESS, Biogeochemical modelling, Methane emissions, Arctic tundra, 
Fractional wetland maps, Sensitivity test, Parameter optimization 
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1 Introduction 
Methane (CH4) is the second most important long-lived greenhouse gas contributing to global 
radiative forcing. The global abundance of atmospheric CH4 (1803 ± 2 ppb in 2011) is much 
lower than atmospheric CO2 (390.5 ± 0.2 ppm in 2011). However, the radiative efficiency (W 
m-2 ppb-1) of CH4 is about 26 times that of CO2 on a 100-year basis (Hartmann et al. 2013). 
Consequently, CH4 (0.48 ± 0.05 W m-2 in 2011) produced about 17% of the total radiative 
forcing (2.83 ± 0.03 W m-2 in 2011) compared to CO2 (1.82 ± 0.19 W m-2 in 2011), which 
produced about 64% of the total radiative forcing. (Myhre et al. 2013).  
Reviewing the historical record of the global atmospheric concentrations of CH4 since 1961, 
the first three decades have been considered as periods of increasing atmospheric CH4, but its 
growth rate declined in the following decade (1990s) (Dlugokencky et al. 2011). The 
atmospheric concentration of CH4 was then nearly constant from 1999 to 2006; followed by a 
rise again since 2007 (Kirschke et al. 2013). The causes for the recent variations of the 
atmospheric concentration of CH4 are still poorly understood (Kirschke et al. 2013). Thus, it is 
worth to further study how the single most dominant natural CH4 source to the global flux and 
inter-annual variability, which is CH4 emission from wetlands and amounted to 177 to 284 Tg 
yr-1 during the years 2000 to 2009 (Hodson et al. 2011; Ringeval et al. 2011; Spahni et al. 
2011), contributed to the variations of the atmospheric CH4 concentration since 1961.  
Warming of high latitudes and polar amplification is common to most climate model 
simulations (Ciais et al. 2013). One expected impact of global warming is that enhanced 
permafrost thawing could provide more water-logged and anaerobic conditions, leading to 7 to 
17 Pg C lost, partly in the form of CH4, over the 21st century (Zhuang et al. 2006). The Arctic 
tundra contains a widely distribution of continuous and discontinuous permafrost. Between 
1990 and 2006, the Arctic tundra was a source of CH4 to the atmosphere (19 Tg C yr-1; 
uncertainty between sources of 8 and 29 TgC yr-1), and the emissions of CH4 from Arctic tundra 
was increasing continuously during this period (McGuire et al. 2012). 
In order to quantitatively simulate past, present, and future CH4 emissions from wetlands, a 
number of process-based methane models have been developed (e.g. Cao et al. 1996; Walter 
& Heimann 2000; Zhuang et al. 2004). Wania (2007) reviewed these models and found that 
very few models included important dynamic interactions between hydrology, soil 
temperature, vegetation and methane processes. In this regard, Wania et al. (2010) described 
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and evaluated a process-based model, LPJ-WHyMe (LPJ Wetland Hydrology and Methane), 
which was built on the LPJ-DGVM framework and took the interactions mentioned above into 
account.  
In this thesis, the Wania et al. (2010) methane model to estimate CH4 emissions from the Arctic 
tundra region was applied. Instead of LPJ-DGVM, however, the methane model will be run as 
a module within an individual-based dynamic vegetation model LPJ-GUESS (the Lund-
Potsdam-Jena General Ecosystem Simulator) , which shares the mechanistic formulations of 
biophysics, phenology, plant physiology and biogeochemistry with LPJ-DGVM, but also 
adopts the formulation of gap model to explicitly simulate resource competition and canopy 
structure among cohort-averaged plant species (Smith et al. 2001). The model, LPJ-GUESS 
WHyMe, is used to estimate CH4 emissions from wetlands within Arctic tundra defined by 
McGuire et al. (2012) after a careful evaluation of its performance based on determining 
sensitivity and uncertainty of a number of parameters in the model which directly or indirectly 
influence CH4 production and emissions.  
Uncertainty in CH4 outputs will not only be a result of uncertain climate inputs or model 
parameters but will also depend on which fractional wetland map is used. To investigate the 
uncertainty of CH4 emissions introduced by differing fractional wetland maps, three different 
fractional wetland maps will be applied in simulations for the same spatial domain. 
The main goal of this thesis is to comprehensively evaluate the performance of LPJ-GUESS 
WHyMe on regional simulations. 
2 Aim 
There are 6 specific aims in this thesis, namely: 
 To analyze the parameter sensitivity in the CH4 module of LPJ-GUESS WHyMe and 
its influence on the output variables of CH4 flux and CH4 flux pathways, and further to 
identify the best overall parameter set for use in the Arctic tundra domain. 
 To estimate CH4 emissions by LPJ-GUESS WHyMe in Arctic tundra using different 
wetland maps, and to evaluate quantitative and qualitative differences in CH4 flux based 
on these maps. 
 To identify whether uncertain parameters or the influence of fractional wetland maps 
introduces more uncertainties when estimating methane emissions from Arctic tundra. 
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 To determine which pathways are dominant in methane transport from wetland to the 
atmosphere in Arctic tundra. 
 To determine which environmental drivers are most important to the total CH4 flux 
emitted from Arctic tundra and how these drivers varies over different seasons.  
 To analyze the potential robust features in the model, and to identify their influence on 
modeling CH4 flux in Arctic tundra. 
3 Methods 
In order to achieve the aims above, a working flowchart was planned and showed in Figure 1. 
 
Figure 1. Flowchart of inputs, processing, and outputs in this modelling study. 
3.1 Model description 
LPJ-GUESS WHyMe (McGuire et al. 2012) is a development of the Lund-Potsdam-Jena 
General Ecosystem Simulator (LPJ-GUESS) incorporating both wetland hydrology and 
methane emissions process descriptions from LPJ-WHyMe (Wania et al. 2009). 
As the basic framework of LPJ-GUESS WHyMe, LPJ-GUESS is a dynamic global vegetation 
model (DGVM) that simulates the structure and dynamics of terrestrial ecosystems at different 
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temporal and spatial scales. Physiological and biogeochemical processes of ecosystem are 
explicitly described in the papers Smith et al. (2001) and Sitch et al. (2003). The inputs to the 
model consist of climate data, atmospheric CO2 concentrations and soil physical properties. At 
the same time, a set of plant functional types (PFTs) is necessary to define and characterize the 
bioclimatic niche, growth form, leaf phenology, photosynthetic pathway, and life history of 
modelled plant individuals. The simulated processes were explicitly described by Smith et al. 
(2001); the physiological processes (i.e. leaf photosynthesis and respiration), biophysical 
processes (i.e. energy and water exchange), and biogeochemical processes (i.e. carbon cycles) 
of ecosystems were described in the same way as LPJ-DGVM (Sitch et al. 2003). Standard 
outputs from the model include, carbon fluxes (NEE, NPP, GPP, autotrophic and heterotrophic 
respiration, fire disturbances, carbon stores (vegetation, soil, total carbon, root exudates, litter), 
biophysical properties (LAI, evapotranspiration, runoff, soil temperature and moisture). In our 
study, LPJ-GUESS was used in ‘Cohort’ (individual) mode. This mode has been shown to 
resolve more heterogeneity when simulating ecosystems at the landscape or continental scale 
due to its forest dynamic (gap) concept and the physical structure, competition, composition 
and distribution of vegetation through time are simulated in more realistic ways (Smith et al. 
2001). In addition, some studies have shown that LPJ-GUESS had better performance 
comparing with LPJ at predicting potential natural vegetation (Smith et al. 2001; Hely et al. 
2006). 
The latest version of LPJ-WHyMe, 1.3.1, was described by Wania et al. (2010). The model is 
a development of LPJ, which is a process-based model that simulates vegetation physiology, 
carbon allocation, decomposition and hydrological fluxes of ecosystems (Sitch et al. 2003; 
Gerten et al. 2004). For the additional wetland hydrology model, permafrost and peatlands were 
firstly taken into account and introduced in LPJ (Wania et al. 2009a). Two new PFTs (flood-
tolerant C3 graminoids and Sphagnum mosses) and an inundation stress parameterization for 
all PFTs were also added (Wania et al. 2009b). The methane module of LPJ-WHyMe is 
generally separated into two parts: methane production and pathways of methane emission. 
To produce methane, soil carbon inputs originate from daily net primary production (NPP), 
which partly turns over to a litter pool and an exudates pool (Figure 2). These litter and exudates 
then partly turnover to a potential carbon pool for methanogens. The process of [NPP – litter 
pool -fast/slow soil carbon pool] has already been described in LPJ model, where f is fraction 
of carbon used to turnover and k is turnover rate (Sitch et al. 2003). The process of [NPP – 
exudates pool – potential carbon pool for methanogens] is an addition in LPJ-WHyMe, where 
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fexu is a fixed fraction indicating how much NPP is diverted into the exudates pool each day 
and kexu is the exudate decomposition rate. Soil moisture content (Rmoist) is a very important 
parameter controlling the establishment of the potential carbon pool for methanogens by (1): 
𝑘 = 𝑘10𝑅T𝑅moist     (1) 
where k represents all turnover rates in the model (klitter kfast kslow kexu)  in the process of [NPP – 
potential carbon pool for methanogens], k10 is the respective decomposition rate at 10°C, and 
RT is an exponential function of soil temperature with a value of 1 at 10°C (Wania et al. 2010; 
Wania et al. 2009b). Rmoist lies between 0 and 1 and is intended to reduce decomposition rates 
under inundation (Wania et al. 2010). In contrast to the description of the decomposition 
classified as heterotrophic respiration in LPJ, LPJ-Guess WHyMe considers the decomposed 
carbon in peatland first as a potential carbon pool for methanogens (Wania et al. 2010). The 
carbon in the potential carbon pool for methanogens is then allocated to each 0.1 m active soil 
layer, weighted by a prescribed root distribution (Wania et al. 2010). After the carbon has been 
allocated to each soil layer and decomposed, a fraction of the decomposed carbon is turned into 
methane (Qmethane) in each soil layer depending on the layer’s anoxic fraction (fanoxic, a function 
of the layer’s soil water content), daily decomposition of the potential carbon pool for 
methanogens (dPCPmethane), and a parameter, methane/carbon dioxide (CH4/CO2) as (2).   
Q𝑚𝑒𝑡ℎ𝑎𝑛𝑒 = 𝑓𝑎𝑛𝑜𝑥𝑖𝑐 × 𝑑𝑃𝐶𝑃𝑚𝑒𝑡ℎ𝑎𝑛𝑒 × [CH4/CO2]   (2) 
Each day, three pathways of methane transport (diffusion, plant-mediated transport and 
ebullition) are available to CH4 in the soil. During methane transport in soil, a fraction of 
oxygen (foxid), which reaches each soil layer via diffusion and plant-mediated transport, 
oxidizes the methane in soil at each time step in a proportion of 1:2 moles as (3): 
CH4 + 2O2 → CO2 + 2H2O     (3) 
Wania et al. (2010) noticed that all methane would be oxidized if enough oxygen was available, 
otherwise, all oxygen would be used to oxidize methane.  
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Figure 2. The methane module of LPJ-GUESS WHyMe.
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A distinction between LPJ-WHyMe and other methane modelling approaches (Cao et al. 1996; 
Walter et al. 2001; Wania et al. 2010) is that LPJ-WHyMe takes account of changes in peatland 
vegetation since the methane model was simply added to LPJ-WHy as a separate sub-routine. 
The version of LPJ-GUESS WHyMe used in this thesis uses the same description of wetland 
hydrology and the same methane subroutine as LPJ-WHyMe. For the hydrology scheme, the 
peatland soil is set to 2 m and is subdivided into an upper 0.3 m acrotelm (within which the 
water table is allowed to fluctuate) above a 1.7 m permanently saturated catotelm layer 
(McGuire et al. 2012). The water table is also allowed to extend above the soil surface to a 
maximum depth of 0.1 m, and its depth is updated daily in response to precipitation, snowmelt, 
evapotranspiration and surface runoff (McGuire et al. 2012). For the methane module, the 
ebullition description was modified to only operate when the soil temperature is above 0°C to 
avoid any unreasonable ebullition events in winter in the Arctic tundra domain. The methane 
module in LPJ-GUESS WHyMe used for simulating daily methane exchange can be generally 
summarized into 11 steps based on the order of processing: (1) C budget before today’s 
methane calculations, (2) diffusivities and layer depths, and an update of gas constant settings, 
(3) calculate CH4 and CO2 production, (4) diffusion of O2, (5) plant transport of O2, (6) 
diffusion of CH4, (7) CH4 oxidation, (8) CH4 diffusion from top layer after diffusion and 
oxidation, (9) plant transport of CH4, (10) ebullition of CH4, and (11) carbon conservation 
checks (Figure 2). The differences between two models are based on the differences between 
LPJ-GUESS and LPJ, i.e. the former simulates vegetation in the individual mode so that the 
processes of vegetation competition can be better presented.  
In this study, input data for driving LPJ-GUESS WHyMe are climate data, atmospheric CO2 
concentration and wetland fraction maps. The climate data used in this thesis included monthly 
air temperature, cloud cover, precipitation and number of wet days in 1901-2009 on a 0.5º × 
0.5º spatial scale from the Climatic Research Unit time-series datasets CRU TS 3.10 (Harris et 
al. 2013; Mitchell & Jones 2005). Monthly atmospheric CO2 concentration data for the period 
1901-2001 were obtained from McGuire et al. (2001) and for the period 2002-2009 were based 
on observation from Mauna Loa Observatory (Hawaii) (Thoning et al. 2013). For each run, 
LPJ-GUESS WHyMe was run for a “spinup” phase of 500 years, which provides sufficient 
time to guarantee equilibrium of ecosystem carbon pools. In this phase, the first 30 years of 
CRU data (1901-1930) were continuously repeated and atmospheric CO2 concentration was 
set at the same value as the first year (1901). Five replicate patches, of area 1000 m2 each, were 
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simulated, which were used to account for heterogeneity resulting from stochastic plant 
establishment, mortality and disturbances. 
3.2 Site test/Observations 
In order to compare with the results from Wania et al. (2010) and fit parameters for the Arctic 
tundra area, five northernmost sites of the seven sites used in the Wania et al. (2010) study 
were used (Table 1 & Figure 3). The two unused sites are below 45ºN. 
Since the observations were taken on point sites, the microclimates on sites are usually not 
completely in agreement with regional climate on 0.5º × 0.5º spatial scale, which is the basic 
grid cell in CRU data. Therefore, in order to make simulations and observations in comparable, 
the CRU data had to be adjusted to match observed climate data from each of the five sites 
before it forced the model simulations. Compared with other climate input, air temperature and 
precipitation are the two most effective inputs on CH4 emissions simulations (Gedney et al. 
2004), so adjustments for these two climate variables were completed for all five observation 
sites (Table 1). 
 
Figure 3. Observations and Arctic tundra. 
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Table 1. Observational sites used for sensitivity testing. 
No. Site name Coordinate Yeara 
Typ
e 
Vegetation T/P b Method Ref. 
1 Minnesota  
USA 
47.5ºN 
93.5ºW 
1989 Poor 
fen 
Sedge (Carex oligosperma Michaux);  
Arrow-grass (Scheuchzeria palustris);  
Cranberry (Vaccinium oxycoccus);  
Sphagnum angustifolium (C. Jens. Ex Russ) C. 
Jens.;  
S. capillifolium (Ehrh.) Hedw.;  
S. fuscum (Schimp.) Klinggr. 
-0.57/1.09 Chamber Dise (1993) 
2 BOREAS 
NSA  
Canada 
55.5ºN 
98.5ºW 
1996 Fen Peat mosses (Sphagnum spp.);  
Brown moss (Drepandocladus exannulatus (B.S.G) 
Warnst.);  
Bogbean (Menyanthes trifoliate L.);  
Sedges (Carex spp.);  
Larch (Larix laricina (Du Roi) K. Koch);  
Bog birch (Betula glandulosa Michx.). 
0.0/1.06 Chamber Bubier et al. (1988) 
3 Salmisuo 
Finland 
62.5ºN 
30.5ºE 
1993 Fen Cottongrass (Eriophorum vaginatum L.);  
Bog-rosemary (Andromeda polifolia L.);  
Cranberry (Vaccinium oxycoccus);  
Sedge (Carex pauciflora Lightf.);  
S. angustifolium (Russow) C. Jens.;  
S.balticum (Russow) C. Jens.;  
S. magellanicum Brid.;  
S. papillosum Lindb. 
-0.44/1.05 Chamber Thoning et al. 
(2013) 
4 Degerö 
Sweden 
64.0ºN 
19.5ºE 
1996 Poor 
fen 
Cottongrass (Eriophorum vaginatum);  
Cranberry (Vaccinium oxycoccus);  
Bog-rosemary (Andromeda polifolia);  
Arrow-grass (Scheuchzeria palustris);  
Sedge (Carex limosa L.);  
Sphagnum balticum;  
S. majus (Russ.) C. Jens.;  
S. lindbergii Schimp. 
1.24/0.85 Chamber Granberg et al. 
(2001) 
5 Abisko 
Sweden 
68.0ºN 
19.0ºE 
2006 Mire Cottongrass (Eriophorum vaginatum);  
Brown moss (Drepanocladus sp.). 
3.22/0.47 Eddy 
covariance 
Jackowicz-
Korczynski et al. 
(2010) 
a Year of observation data used. 
b Temperature (+) and precipitation (×) adjustment to climate forcing from CRU. 
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3.3 Sensitivity test 
Five parameters (Rmoist, CH4/CO2, foxid, 𝑘exu
10 , and fexu) (Table 2) were selected for CH4 
sensitivity testing based on the results of sensitivity tests with seven parameters in the Wania 
et al. (2010) study, which showed that CH4/CO2 was the most important parameter, followed 
by Rmoist and foxid. Values of these parameters were set manually. The more important 
parameters had more values to test (Table 3). For all of the possible 1350 different 
combinations in parameter space, the Ranked Partial Correlation Coefficient (RPCC) method, 
the statistical approach of Vogelmann et al. (2001) and Wramneby et al. (2008), was used to 
analyze the parameter influence on monthly total CH4 fluxes and the monthly CH4 fluxes 
following the three pathways. This approach was accomplished by two main sub-approaches: 
(i) the Partial Correlation Coefficient (PCC), which defined as the correlation coefficient 
between 𝑥𝑗 − ?̂?𝑗  and 𝑦 − ?̂? , was calculated to identify how uncertainty of each parameter 
contributed to uncertainty of the output variable (Zaehle et al. 2005). 𝑥𝑗 and 𝑦 were a specific 
parameter and output variable respectively, and  ?̂?𝑗  and ?̂?  were calculated from following 
formulas: 
?̂?𝑗 = 𝑎0 + ∑ 𝑎𝑝𝑥𝑝
𝑛
𝑝=1
𝑝≠𝑗
     (4) 
and 
?̂? = 𝑏0 + ∑ 𝑏𝑝𝑥𝑝
𝑛
𝑝=1
𝑝≠𝑗
     (5) 
These two formulas can provide a single linear relationship between 𝑥𝑗 and 𝑦 when the output 
variable 𝑦 is influenced by other factors; (ii) Rank-transformation was used for repeatedly 
analyzing the PCC based on assuming that a single parameter provided monotonic effect on 
output variables, due to parameters and output variables were possibly in a non-linear 
relationship. In this study, the RPCC approach was used to identify the influence of the five 
selected parameters on CH4 fluxes in different locations, in different time periods, and from 
different pathways. 
Table 2. Sensitivity test parameters (Wania et al. 2010). 
Rmoist Moisture response, used to weight decomposition rates for exudates, 
litter, fast and slow carbon pools – see equation 1 
CH4/CO2 CH4/CO2 production ratio under anaerobic conditions  – see equation 2 
foxid Fraction of available oxygen used for methane oxidation – see equation 3 
𝒌𝐞𝐱𝐮
𝟏𝟎  Exudate decomposition rate at 10 °C (a-1) 
fexu Fraction of NPP put into exudates pool 
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Table 3. Values for the parameter sensitivity test and parameter optimization. There are 
5×6×5×3×3=1350 possible parameter combinations in total. 
Parameters Value 
Rmoist 0.2 0.3 0.4 0.5 0.6  
CH4/CO2 0.05 0.1 0.15 0.2 0.25 0.3 
foxid 0.5 0.6 0.7 0.8 0.9  
𝒌𝐞𝐱𝐮
𝟏𝟎 a 13 26 39    
fexub 0.0875 0.175 0.2625    
a 𝒌𝐞𝐱𝐮
𝟏𝟎  is set at 26 (2 weeks) as a default value. 
b fexu is set at 0.175 as a default value (Wania et al. 2009b). 
3.4 Parameter optimization 
For each observation site (Table 1), the best site parameter set was determined by using the 
root mean square error (RMSE), which is the same as the method used in Wania et al. (2010), 
between monthly modelled CH4 fluxes and monthly observations. The RMSE was calculated 
from: 
𝑅𝑀𝑆𝐸 = √
∑ (𝑀𝑖−𝑂𝑖)
2𝑛
𝑖=1
𝑛
    (6) 
where M is modelled and O is observed CH4 flux; n is the number of observed months. 
In order to compare error from all sites, the RMSE was normalized (NRMSE) by the standard 
deviation of observations 𝜎𝑂. 
𝑁𝑅𝑀𝑆𝐸 = 𝑅𝑀𝑆𝐸/𝜎𝑂    (7) 
Normally, the best overall parameter set is determined by selecting the lowest average NRMSE 
from all observation sites (Wania et al. 2010). This traditional method could possibly lead to a 
best overall parameter set being one with a very low error at a particular observation site but 
with a large error at another observation site. In order to avoid this extreme situation, the best 
overall parameter set with the lowest average NRMSE was calculated using the best 50% 
(1350/2) of parameter sets in each site. Finally, the best overall parameter set determined in 
this way was applied in the regional simulation. 
3.5 The Arctic tundra boundary and wetland fraction maps 
3.5.1 The Arctic tundra boundary 
The study area (Arctic tundra) boundary was defined by the Regional Carbon Cycle 
Assessment and Processes (RECCAP) Activity (McGuire et al. 2012). McGuire et al. (2012) 
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noticed that the spatial domain of Arctic tundra extends into the boreal forest in some areas, 
for example in western North America. All wetland fraction maps (Kaplan 2007, Matthews 
and Fung, GLWD-3) used this boundary and were processed to the same spatial resolution as 
the climate data, which was at a 0.5-degree spatial resolution.   
3.5.2 Wetland map by Kaplan (2007) 
The Kaplan 2007 Global Wetlands Dataset is a global wetlands map, which was assembled by 
using the best available sources of large-scale wetland cover information for each continent or 
region at spatial resolutions from 30 m to 5-minute (Bergamaschi et al. 2007). In detail, for the 
dataset, Bergamaschi et al. (2007) used five major data sources to calculate the fractional cover 
of wetland area on a spatial resolution of 0.5-degree: (1) the vector Canadian Peatlands 
Database for Canada (Tarnocai et al. 2000), (2) the 30 m U.S. National Land Cover Dataset for 
the conterminous United States (Vogelmann et al. 2001), (3) the 1 km native resolution 
GLC2000 global land cover dataset for South America, Africa, Eastern Europe and northern 
Asia (JRC, 2003), (4) the 250 m Corine Land Cover 1990 dataset for Europe (ETCTE, 2000), 
and (5) the 5’ WELAREM1 database of global wetlands for all other regions (Lehner and Döll, 
2001).  
3.5.3 Wetland map by Matthews and Fung 
The map of Matthews and Fung (1987) is a global data base of wetlands at 1-degree resolution 
integrated from three independent digital sources: (1) vegetation classified using the United 
Nations Educational Scientific and Cultural Organization (UNESCO) system (Matthews 
1983), (2) soil properties from the Food and Agriculture Organization (FAO) soil maps (Zobler, 
1986), and (3) fractional inundation at 1-degree resolution from a global map survey of 
Operational Navigation Charts (ONC). Since the spatial resolution of the map was lower than 
that of the climate data, it was increased to agree with the spatial resolution of the climate data 
at 0.5-degree. 
3.5.4 Global Lakes and Wetlands Database-Level 3 
Drawing upon a variety of existing maps, data and information, Lehner and Döll (2004) created 
the Global Lakes and Wetlands Database (GLWD) by applying a Geographic Information 
System (GIS) approach to combine seven different data set for lakes and wetlands: (1) MSSL 
Global Lakes Database (MGLD) (Birkett & Mason 1995), (2) Data set of Large Reservoirs 
(LRs) (Vorosmarty et al. 1997), (3) The world register of Dams (WRD) (ICOLD, 1988, 1998), 
(4) The Digital Chart of the World (DCW) (ESRI, 1993), (5) ArcWorld 1:3M data set (ESRI, 
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1992), (6) Wetlands map of the World Conservation Monitoring Center (WCMC) wetlands 
map (Dugan, 1993; WCMC, 1993), and (7) USGS Global Land Cover Characteristics (GLCC) 
database in ‘Global Ecosystem’ classification (Loveland, 1991; Loveland et al, 2000). GLWD 
provides a representation of water bodies in three levels: (1) large lakes and reservoirs, (2) 
smaller water bodies, and (3) wetlands. In this study, level 3 (GLWD-3) was used; it provides 
12 classes of water bodies in a global raster map at 30-second resolution.  
In order to be comparable to the other two maps, GLWD-3 map was clipped to the Arctic 
tundra boundary and was aggregated to 0.5-degree resolution. To calculate the wetland fraction 
in each pixel, according to the assessment of GLWD-3 for wetland, class 1, 2 and 3, which are 
not wetland areas, were not used; class 10 (50-100% wetland) was set to 100% for adjusting 
the Arctic tundra wetland area in Alaska (Lehner & Döll 2004); class 11 (25-50% wetland) was 
set to 25% for adjusting the Arctic tundra wetland area in Canada (Lehner & Döll 2004); class 
12 (wetland complex) was set to 12.5%, which is the average of the range; and other classes 
were reclassified as 100% (Table 4). 
Table 4. Classification in GLWD-3 and wetland fraction setting for Arctic tundra (Lehner & 
Döll 2004). 
Id GLWD-3 Class Fraction in processing 
1 Lake - 
2 Reservoir - 
3 River - 
4 Freshwater March, Flood plain 100% 
5 Swamp Forest, Flooded Forest 100% 
6 Coastal Wetland 100% 
7 Pan, Brackish/Saline Wetland 100% 
8 Bog, Fen, Mire 100% 
9 Intermittent Wetland/Lake 100% 
10 50-100% Wetland 100% 
11 25-50% Wetland 25% 
12 Wetland Complex (0-25%) 12.5% 
 
3.6 Regional simulation 
After optimizing the parameter set and setting the boundary of Arctic tundra, and in order to 
decrease the computational time, a single regional simulation driven by climate data for the 
period of 1901-2009 was run using LPJ-GUESS WHyMe with the assumption of a 100% 
wetland fraction in all pixels in the tundra domain. The regional CH4 emissions were then 
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estimated in a post-processing step by multiplying the wetland fraction from the three fractional 
maps by the CH4 fluxes from this simulation.  
In order to detect the changes of CH4 emissions between the climate standard period (1961-
1990) and the following period (1991-2009), each pixel’s differences (∆) in two periods were 
normalized following: 
     ∆= (𝐸1 − 𝐸0)/𝐸0     (5) 
where E1 was the average annual CH4 emissions in 1991-2009; E0 was the average annual 
CH4 emissions in the climate standard period (1961-1990); ∆=0 means no change, ∆>0 
means CH4 emissions increase, and ∆<0 means CH4 emissions decrease. 
A comparison among three different fractional wetland maps was focused on dynamic 
uniformity and quantitative differences. Water table position and near-surface soil temperature 
have been shown to be strongly related to CH4 production (Hargreaves & Fowler 1998; Moore 
& Roulet 1993); therefore, the most effective factors, water table position and soil temperature 
at 25 cm, were used in a visually qualitative analysis of their influences on regional CH4 fluxes.  
In addition, in order to detect whether the influence of parameters or the influence of fractional 
wetland maps provides more uncertainty when estimating methane emissions from Arctic 
tundra, a relative uncertainty and an absolute uncertainty caused by parameter uncertainty was 
determined. A relative uncertainty was set through estimating CH4 emission using the common 
parameter sets in the best 50% parameter sets in each site, and an absolute uncertainty was 
defined through estimating CH4 emission using two parameter sets, which were determined by 
minimum and maximum total CH4 fluxes from five observation sites. The Arctic tundra 
wetland CH4 emissions with these parameter sets was simulated by using the three fractional 
wetland maps, and evaluated whether parameters or wetland maps introduce more uncertainty 
to the regional CH4 simulations. 
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Table 5. RPCC of parameters and annual methane emission for each test site, in two different periods. 
    1961-1990 1991-2009 
  Parameters Rmoist CH4/CO2 foxid 𝒌𝐞𝐱𝐮
𝟏𝟎  fexu Rmoist CH4/CO2 foxid 𝒌𝐞𝐱𝐮
𝟏𝟎  fexu 
M
in
n
e
so
ta
 Total -0.313 0.999** -0.851 0.090 -0.923* -0.230 0.997** -0.875* 0.227 -0.647 
Diffusion -0.314 0.999** -0.869 0.143 -0.919* -0.351 0.998** -0.906* 0.275 -0.238 
Ebullition 0.192 0.987** -0.255 -0.049 -0.603* 0.240 0.956** -0.156 -0.008 -0.387* 
Plant mediated -0.294 0.998** -0.814 0.057 -0.916* -0.298 0.995** -0.676 0.099 -0.681* 
B
O
R
EA
S 
Total -0.393 0.998** -0.888* -0.028 -0.850 -0.266 0.998** -0.875* -0.018 -0.838 
Diffusion -0.421 0.998** -0.917* -0.024 -0.835 -0.316 0.998** -0.906* -0.007 -0.827 
Ebullition 0.678* 0.692** -0.029 0.000 -0.028 0.714** 0.713* -0.048 0.010 -0.113 
Plant mediated -0.417 0.998** -0.722 -0.045 -0.894* -0.266 0.998** -0.696 -0.040 -0.882* 
Sa
llm
is
u
o
 Total 0.466 0.964** -0.280 0.004 -0.929* 0.425 0.957** -0.255 0.004 -0.906* 
Diffusion 0.437 0.971** -0.327 0.008 -0.929* 0.418 0.970** -0.324 0.011 -0.918* 
Ebullition 0.245 0.979** -0.196 -0.018 -0.749* 0.138 0.891** -0.087 -0.010 -0.279* 
Plant mediated 0.456 0.924** -0.163 -0.003 -0.913* 0.373 0.895** -0.141 -0.005 -0.872* 
D
e
ge
rö
 Total 0.039 0.999** -0.939* -0.070 -0.202 -0.014 0.999** -0.919* -0.055 -0.353 
Diffusion -0.121 0.999** -0.944* -0.049 0.033 -0.141 0.998** -0.926* -0.040 -0.265 
Ebullition 0.306* 0.984** -0.225 -0.019 0.060 0.411* 0.953** -0.175 -0.010 -0.013 
Plant mediated 0.158 0.998** -0.792* -0.093 -0.549 0.198 0.998** -0.824* -0.129 -0.763 
A
b
is
ko
 Total 0.060 0.999** -0.931* -0.076 -0.253 0.059 0.999** -0.918* -0.068 -0.164 
Diffusion -0.010 0.999** -0.935* -0.070 -0.165 0.005 0.998** -0.924* -0.063 -0.132 
Ebullition 1.000** -0.024* -0.005 0.000 0.000 0.984** 0.217* -0.049 -0.002 0.179 
Plant mediated 0.232 0.999** -0.829* -0.082 -0.486 0.430 0.999** -0.910* -0.138 -0.669 
**: Rank 1 
  *: Rank 2 
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4 Results 
4.1 Sensitivity test 
A RPCC table presents the PCC of five parameters with pathway and total CH4 fluxes at five 
observed sites in two periods: the climate standard period 1961-1990 & the following period 
1991-2009 (Table 5).  
For the total CH4 fluxes from three pathways, as well as the diffusive CH4 fluxes, the parameter 
CH4/CO2 provides the most important positive influence at all sites in both periods. The second 
most important parameter is different among sites: fexu for Minnesota and Sallmisuo and foxid 
for BOREAS, Degerö, and Abisko, though the parameter foxid becomes the second most 
important at Minnesota during 1991-2009 instead of fexu. The parameter ranking of influence 
on the plant mediated transport CH4 fluxes is very stable, with the parameter CH4/CO2 still 
playing the most important role in all five sites and in both periods. The second ranking 
parameter is different among sites but does not change with time. For the ebullition CH4 fluxes, 
more complex variances of parameter ranking exist among sites and periods. Rmoist plays a more 
important role, with extremely RPCC high values at Abisko site in both periods. Similarly, 
Rmoist becomes the highest ranked parameter at BOREAS in 1991-2009. 
4.2 Parameter fitting 
The sites’ best parameters and the overall best parameters are shown in Table 6, which shows 
the overall best parameters in Wania et al. (2010) for comparison. After the parameter 
optimization method was used to identify the lowest NRMSE parameter set in the top 50% sets 
at all sites, only 12 co-sets of parameters were found and are shown in Table 7. In these 12 
parameter sets, values of Rmoist, CH4/CO2, and fexu do not change, and the variable parameters 
are only foxid and 𝑘exu
10 , which have value changes completely covering their testing ranges. 
Comparing with observations of CH4 fluxes at these five sites, LPJ-GUESS WHyMe shows 
the best performance at Salmisuo; the NRMSE of the site best parameter set is 0.31 and of the 
overall best parameter set is 0.33; the worst performance is at BOREAS, where NRMSE are 
high: 0.87 and 1.27 for the site best and overall best parameter sets (Figure 4). The modelled 
CH4 fluxes at five sites using the overall best parameter set are found both above (BOREAS, 
Salmisuo and Abisko) and below (Minnesota and Degerö) the modelled fluxes given by the 
site best parameter set (Figure 4). Modelled CH4 emission by the overall best parameter set for 
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the only site situated in Arctic tundra, Abisko, is underestimated (Figure 4). More detail for 
comparison of observation and simulation is shown in Figure 5. NRMSE shows how points are 
close to the 1:1 lines, and the coefficient of determination between observed and modelled (R2) 
shows how points are close to the trend lines (Figure 5). 
Table 6. The sites-specific best parameter set and the overall best parameter sets. 
 Site best Overall best 
Parameters Minnesota BOREAS Salmisuo Degeroe Abisko 
Wania/McGuired Final 
valuea 
Rmoist 0.6 0.6 0.2 0.6 0.6 0.4/0.4 0.2 
CH4/CO2 0.1 0.2 0.2 0.15 0.3 0.1/0.25 0.2 
foxid 0.5 0.6 0.5 0.5 0.6 0.5/0.9 0.7 
𝒌𝐞𝐱𝐮
𝟏𝟎 b 39 39 39 39 13 13/26 39 
fexuc 0.2625 0.0875 0.175 0.0875 0.0875 0.15/0.175 0.175 
a Minimum NRMSE in the best 50% RMSE in each site. 
b 𝒌𝐞𝐱𝐮
𝟏𝟎  was set at 26 (2 weeks) as a default value. 
c fexu was set at 0.175 as a default value. 
d Values used by Wania et al. (2010) and McGuire et al. (2012). 
 
Table 7. The best parameter sets in the top 50% ranking. 
No. Rmoist CH4/CO2 foxid 𝑘exu
10 a fexub NRMSE 
1 0.2 0.2 0.6 13 0.175 0.865 
2 0.2 0.2 0.6 26 0.175 0.860 
3 0.2 0.2 0.6 39 0.175 0.859 
4 0.2 0.2 0.7 13 0.175 0.859 
5 0.2 0.2 0.7 26 0.175 0.857 
6* 0.2* 0.2* 0.7* 39* 0.175* 0.856* 
7 0.2 0.2 0.8 13 0.175 0.867 
8 0.2 0.2 0.8 26 0.175 0.867 
9 0.2 0.2 0.8 39 0.175 0.865 
10 0.2 0.2 0.9 13 0.175 0.881 
11 0.2 0.2 0.9 26 0.175 0.873 
12 0.2 0.2 0.9 39 0.175 0.869 
* Best overall parameter set used in this study. 
a 𝒌𝐞𝐱𝐮
𝟏𝟎  is set at 26 (2 weeks) as a default value. 
b fexu is set at 0.175 as a default value (Wania et al. 2009b). 
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Figure 4. Modelled daily methane fluxes with all tested parameter sets compared to observations for five sites. 
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Figure 5. Modelled daily methane fluxes with the best overall parameter sets compared to observations for five sites.
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Figure 6. Modelled daily methane fluxes displayed by three transport pathways for five observed sites using the best overall parameter set.
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Using the overall best parameter set, three different transport pathways of CH4 fluxes for five 
sites are plotted in Figure 6. Diffusion contributes the largest amount to CH4 fluxes; plant-
mediated emissions follow; and ebullition contributes the least, with no ebullition at BOREAS, 
Salmisuo, and Abisko (Figure 6 & Table 8). Plant-mediated emissions display obvious seasonal 
variances and the peaks always exist in May or June; however, diffusion seems to have a 
seasonal shift with the peaks always existing in July or August (Figure 6). Similarly, the peak 
of ebullition displays in August. Minnesota and Salmisuo have very significant plant-mediated 
emissions, which are both over 45% of total emissions (Table 8). Furthermore, the annual NPP 
of WetGRS in these two sites is much larger than that of moss (Table 9). Compared with the 
estimations in the Wania et al. (2010) study, the most significant difference is the balance 
between diffusion and plant-mediated transport, with diffusion being larger than plant-
mediated transport in the simulations for this thesis (Table 8).  
 
Table 8. Modelled total and transport pathway methane fluxes (gCH4 m-2 yr-1) from five sites 
using the best overall parameter set. 
Site Year Diffusion Ebullition Plant Total 
Minnesota 1989 50.84 (54.4%) 0.27 (0.3%) 42.29 (45.3%) 93.40 
- - 6.53 (22.9%) 0.11 (0.4%) 21.88 (76.7%) 28.54 
* * 66.58 (54.9%) 1.96 (1.6%) 52.70 (43.5%) 121.24 
BOREAS 1996 15.30 (87.0%) 0.00 (0.0%) 2.30 (13.0%) 17.60 
- - 4.80 (29.2%) 0.14 (0.9%) 11.49 (69.9%) 16.43 
* * 20.02 (87.0%) 0.00 (0.0%) 3.00 (13.0%) 23.02 
Salmisuo 1993 19.69 (52.0%) 0.00 (0.0%) 18.19 (48.0%) 37.88 
- - 11.17 (30.9%) 0.49 (1.4%) 24.51 (67.8%) 36.16 
* * 26.84 (52.3%) 1.35 (2.6%) 23.09 (45.0%) 51.28 
Degerö 1996 9.43 (56.8%) 0.44 (2.6%) 6.73 (40.5%) 16.60 
- - 6.76 (25.7%) 0.22 (0.8%) 19.58 (74.3%) 26.35 
* * 12.88 (58.1%) 1.75 (7.9%) 7.54 (34.0%) 22.17 
Abisko 2006 8.29 (71.0%) 0.00 (0.0%) 3.39 (29.0%) 11.68 
- - 1.38 (15.5%) 0.00 (0.0%) 7.52 (84.5%) 8.90 
* * 11.75 (71.0%) 0.00 (0.0%) 4.80 (29.0%) 16.55 
Note: (a) the second lines (-) of each site are estimated in the Wania et al. (2010) study; (b) the 
third lines (*) of each site are simulated by parameter set optimized in the McGuire et al. (2012) 
study; (c) Percentage values in parentheses show the contribution of each pathway flux to the 
total flux. 
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Table 9. Modelled annual net primary production (NPP), gC m-2 yr-1, of each LPJ-GUESS 
WHyMe PFT in the observed year, using the best overall parameter set. 
Site Year WetGRSa Mossb Total 
Minnesota 1989 353 49 402 
BOREAS 1996 0 108 108 
Salmisuo 1993 279 75 354 
Degerö 1996 0 182 182 
Abisko 2006 -1 118 117 
a Cool, flood-tolerant (C3) grass 
b Sphagnum spp. 
 
4.3 Arctic tundra simulation 
Three maps GLWD-3, Mathews & Fung, and Kaplan were processed at the same spatial 
resolution of 0.5 degree. All maps shows that most of tundra wetlands are concentrated between 
65°N-70°N (Figure 7), especially in northern Alaska (Figure 8). GLWD-3 shows a large 
amount of wetlands between 60°N-65°N and around 55°N, where southern Alaska, southern 
east Siberia, and central Canada contribute the most (Figure 7 & Figure 8). Kaplan also shows 
large fractions of wetland in central Canada, but not in southern Alaska and southeast Siberia, 
which results in low wetland area between 55°N-65°N (Figure 7 & Figure 8). The map of 
Mathews & Fung shows low wetland area below 65°N (Figure 7), but seems to have larger 
wetland area in west Siberia (Figure 8). Summing across the domain, the area of wetland 
estimated from GLWD-3, at 14.5% of Arctic tundra, is almost twice the area of wetland from 
Matthews and Fung or Kaplan 2007, which are very close to each other (Table 10). 
 
Table 10. The arctic tundra zonal wetland area for the three maps used in this study. 
Map Area (km2) ×106 
GLWD-3 1.27(14.5%) 
Matthews and Fung 0.69(7.9%) 
Kaplan 2007 0.68(7.8%) 
Tundra total 8.75 
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Figure 7. The arctic tundra zonal wetland area for the three maps used in this study. 
Simulated average annual CH4 fluxes from wetland for three maps in the climate standard 
period (1961-1990) show a very significant latitudinal gradient from the north to the south 
(Figure 9). The map of Matthews and Fung contains the least information of the three maps. 
Even if GLWD-3 shows larger area than Kaplan, Kaplan contains the most complete 
information, especially for the whole of Siberia and Scandinavia (Figure 9). High flux regions 
are mainly located in southern Alaska, eastern Canada, Iceland, northern Scandinavia, central 
Siberia and southeastern Siberia (Figure 9). 
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Figure 8. Fraction distributions of the three wetland maps used in this study. 
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Figure 9. Simulated average annual methane fluxes from wetlands for three maps in 1961-
1990 using the best parameter set. 
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Figure 10. Simulated average annual CH4 emissions for three maps in 1961-1990 using the 
best parameter set. 
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Figure 11. Fractional change in CH4 emissions in 1991-2009 relative to the standard period 
(1961-1990), where 0 means no change. 
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Simulated average annual CH4 emissions of Arctic tundra (Figure 10) were calculated from the 
fluxes maps (Figure 9) and the fractional maps (Figure 8). All three maps show that south 
Alaska, western Siberia, central and eastern Canada annually emitted large amounts of CH4 
during the climate standard period, and also indicate that the largest emissions are all located 
in eastern Canada, where Lake Manicouagan and Michikamau Lake are located. Comparing 
the three maps, Kaplan still provides the most complete information in northern Siberia and 
northern Scandinavia, and Matthews and Fung provides the least, especially missing eastern 
Siberia and eastern Canada (Figure 10). For eastern Siberia, GLWD-3 clearly shows 
Verkhoyansk Range and Chersky Range, but Kaplan seems to just indicate Verkhoyansk Range 
(Figure 10). For the whole Arctic tundra area, simulations using the GLWD-3 map result in 
10.13TgC (1.16 gC m-2 yr-1) annually emitted as methane to the atmosphere, but the estimates 
using the other two maps are approximately half this amount (Table 11). Diffusion accounts 
for most of emissions at nearly 70%. The plant-mediated transport emissions estimated using 
the three fractional wetland maps account for 30% - 31% of the annual total CH4 emissions, 
and ebullition accounts the least (Table 11). Compared with the results of simulations using 
regional process-based models in the McGuire et al. (2012) study, all estimations using the 
three fractional wetland maps underestimate annual total CH4 emissions, which is up to five 
times less (Table 12). The underestimations also occur when compared with the results of 
observations in the same study, although the underestimations are not that large (Table 12).  
 The normalized changes of annual CH4 emissions between the climate standard period (1961-
1990) and the following period (1991-2009) show a general 12% - 13% increase of CH4 
emission over time (Table 11). All three maps indicate that rapid increases happened in 
northern Alaska (Brooks Range) (Figure 11). Both GLWD-3 and the Kaplan map show very 
significant increases in eastern Siberia (Kolyma Range and west) (Figure 11). Only the Kaplan 
map shows that CH4 emissions from the Barren Grounds, northern Canada, increased; and it 
also indicates the greatest increases in Scandinavia’s emissions compared to the other two maps 
(Figure 11).
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Table 11. Annual mean CH4-C Exchange 
Maps 1961-1990 1991-2009 Total 
 Diffusion Ebullition Plant Total Diffusion Ebullition Plant Total Changes 
Tg C yr-1          
GLWD-3 7.08(69.9%) 0.01(0.1%) 3.04(30.0%) 10.13 7.87(68.8%) 0.02(0.1%) 3.56(31.1%) 11.44 +12.92% 
M & F 3.63(69.5%) 0.01(0.2%) 1.58(30.3%) 5.22 4.04(68.5%) 0.01(0.2%) 1.85(31.3%) 5.94 +12.99% 
Kaplan 2007 4.08(68.7%) 0.01(0.1%) 1.85(31.2%) 5.94 4.51(67.5%) 0.01(0.1%) 2.17(32.4%) 6.69 +12.66% 
g C m-2 yr-1          
GLWD-3 0.81(69.9%) 0.00(0.1%) 0.35(30.0%) 1.16 0.90(68.8%) 0.00(0.1%) 0.41(31.1%) 1.31 +12.92% 
M & F 0.41(69.5%) 0.00(0.2%) 0.18(30.3%) 0.60 0.46(68.5%) 0.00(0.2%) 0.21(31.3%) 0.67 +12.99% 
Kaplan 2007 0.47(68.7%) 0.00(0.1%) 0.21(31.2%) 0.68 0.52(67.5%) 0.00(0.1%) 0.25(32.4%) 0.76 +12.66% 
 
Table 12. Comparison of estimates of annual CH4 emission among the three fractional wetland maps, observations, and other process-based 
models. 
Maps & other sources 1990-1999 2000-2006 1990-2006 
Tg C yr-1    
GLWD-3a 11 (2 to 21) 12 (2 to 23)   11 (2 to 22) 
M & Fa 5 (1 to 11) 6 (1 to 12) 6 (1 to 12) 
Kaplan 2007a 6 (1 to 12) 7 (1 to 14) 7 (1 to 13) 
Observationsb  10 (-1 to 22) 20 (-11 to 51) 11 (0 to 22) 
Regional Process-Based modelsc  25 (15 to 34) 28 (18 to 37) 26 (16 to 35) 
a The values in brackets are calculated using the parameter sets detected from min/max overall CH4 fluxes. 
b 250 estimates from 120 published papers was achieved by using manual chambers, automatic chambers, and eddy covariance techniques 
(McGuire et al. 2012). 
c The values were estimated by simulations used LPJ-GUESS WHyMe (2012) and TEM6 (McGuire et al. 2012). 
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More detailed temporal variations of simulated Arctic tundra annual CH4 emissions during 
1961 to 2009 are shown in Figure 12. Just as the three maps showed very different CH4 
emissions in Table 11, the quantitative temporal differences in CH4 emissions among three 
maps are very significant (Figure 12); however, the three maps’ CH4 emissions simulated by 
the overall best parameter set are in the common area of three maps bias, which was created by 
simulations using the parameter sets with the maximum and minimum total annual CH4 
emissions at the five observation sites (Figure 12). Thus, the uncertainties arising from 
differences in the fractional distribution among the three maps are much greater than the 
uncertainties of the best 12 (top 50% at each site) parameter sets (Figure 12). 
In order to detect the dynamic variations of regional CH4 emissions from Arctic tundra during 
1961 to 2009, annual CH4 emission simulated by each wetland map was normalized by its 
average CH4 emission in the climate standard period (Figure 13). Simulations by all three maps 
likely show the same fluctuation and the same increasing trend, which has highest emissions 
in 2003 and 2005 and two significantly rapid low ebbs in 1965 and 1992 (Figure 13). The 
uncertainties arising from dynamic fluctuations for the three maps is smaller than that due to 
the uncertainty arising from use of the best 12 parameter sets (Figure 13).  
For the three pathways of CH4 emission shown in Figure 14, diffusion emissions have the most 
similar characteristics to the total emissions. Plant-mediated emissions show the same trend, 
but their fluctuations are lower in extreme periods and uncertainties due to the 12 best 
parameter sets are smaller. The trends in ebullition emissions vary greatly and do not correlate 
with the total emissions, and fluctuations of ebullition seem to be very random, though with 
very small uncertainties due to the best 12 parameter sets (Figure 14). Figure 15 shows a result 
of comparison of CH4 emissions among the three fractional wetland maps in a quantitative way. 
R2 shows how coincident the trends of the annual variance of simulated different pathways’ 
CH4 emissions among three maps are. In general, plant-mediated transport provides the highest 
coincident variance among the three fractional wetland maps compared with the other transport 
pathways, and ebullition provides the least. Of the three fractional wetland maps, GLWD-3 
and Kaplan 2007 have the highest coincident variance in all transport pathways even in 
ebullition (Figure 15).  
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Figure 12. The Arctic tundra annual methane emission (TgC yr-1) determined using the three different wetland fraction maps. 
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Figure 13. Arctic tundra annual methane emissions normalized to the standard period (1961-1990) for the three wetland fractional maps. 
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Figure 14. Annual methane fluxes from three pathways normalized to the standard period (1961-1990) in three pathways for the three wetland 
fractional maps.
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Figure 15. Multiple comparisons of annual CH4 emissions among the three fractional wetland 
maps. G: GLWD-3; M: Matthews and Fung; K: Kaplan 2007; a. Total; b. Diffusion; c. 
Ebullition; d. Plant-mediated transport. 
4.4 Interrelationship among output variables (soil temperature, water table 
position, NPP, and CH4 fluxes) 
Annual NPP is a very important indicator of carbon sequestration by vegetation. In this study, 
NPP mainly represents net uptake by cool/flood tolerant grass and sphagnum moss PFTs, 
which are some of the main vegetation types growing in the Arctic tundra wetlands (Table 1). 
Simulated annual NPP shows a very strong positive correlation with simulated annual average 
water table position and annual average soil temperature at 25 cm from the model (Figure 16). 
Comparing with water table position and soil temperature at the first layer (25 cm), NPP has a 
strong limitation when annual average soil temperature falls below approximately −4 ºC at 25 
cm; conversely, significant NPP values always exist when annual average soil temperature at 
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25 cm is above −4 Cº even if the water table position is very low (Figure 16). Annual CH4 
emissions in Arctic tundra during 1961-2009 also show equally significant relationships to 
water table position and soil temperature (Figure 17). An annual average soil temperature at 25 
cm of −4 ºC is also the threshold value for CH4 emissions; in other words, there is likely no 
CH4 emissions when annual average soil temperature at 25 cm falls below −4 ºC even if water 
table position is high enough (Figure 17). Similarly, the limitation of annual average water 
table position to produce methane is about −0.25 m (Figure 17). 
 
Figure 16. Fitting surface of annual NPP, water table position and soil temperature at 25 cm 
below the surface in the period 1961-2009. 
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Figure 17. Fitting surface of annual methane fluxes, water table position, and soil temperature 
at 25 cm below the surface in the period 1961-2009. 
 
In order to analyze seasonal differences, each year in 1961-2009 is separated into four seasons: 
spring (Mar-May), summer (Jun-Aug), autumn (Sep-Nov), and winter (Dec-Feb). The scatter 
plots for the four seasons’ average daily CH4 flux represent a general increasing trend along 
both water table position and the first layer’s soil temperature (Figure 18). In the Arctic tundra 
region, the ranges of annual average water table position in each of the four seasons is similar, 
ranging between the hydrology submodel’s imposed limits of -0.3 m to +0.1 m (Figure 18). In 
contrast to water table position, annual average soil temperature at 25 cm in the four seasons 
shows obvious seasonal variances, which are the highest in summer and the lowest in winter 
(Figure 18). The maximum CH4 flux of approximately 400mgC m-2 d-1 occurs in summer at 
warm, wet sites, and; fluxes in autumn are significantly higher than in spring and winter (Figure 
18).  
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Figure 18. Seasonal average water table position and soil temperature at 25 cm below ground 
surface vs. log methane fluxes. (spring, summer, autumn, winter) 
 
After fitting a surface on the scatter points in 3D a figure with three variables (CH4 fluxes, 
water table position, and soil temperature at 25cm) was created (Figure 19). The seasonal 
differences are now much clearer; Arctic tundra generally produces larger CH4 fluxes in 
autumn than in spring and winter (Figure 18). In addition, the surfaces show that the maximum 
fluxes at particularly high water table positions and high soil temperature conditions in winter 
could be larger than from the same conditions in other seasons (Figure 19). 
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Figure 19. Seasonal average water table position and soil temperature at 25 cm below the 
surface and daily-averaged methane flux shown in 3D. 
 
Methane fluxes from three transport pathways contribute to the total CH4 fluxes, with diffusion 
contributing the most in these model simulations. Along an increasing water table gradient, 
total fluxes, diffusion fluxes and plant-mediated transport fluxes seem to show an exponential 
increase above −0.1m (Figure 20). However, total fluxes, diffusion fluxes and plant-mediated 
transport fluxes show a linear change when soil temperature at 25 cm increases below 0 °C 
(Figure 20). Around 0 °C at 25 cm below the surface, there seems to be a jump. The ‘jump’ of 
total fluxes and diffusion fluxes are similar, but that of plant-mediated transport fluxes are 
much more rapid (Figure 20). Ebullition fluxes contribute the least and appear to represent a 
random distribution along a limited range of water table position and first layer soil temperature 
(Figure 20). A surface on 3D scatter points of the three transport pathways for CH4 fluxes, 
water table position and soil temperature at 25 cm, resulted in the clearer quantitative 
relationship shown in Figure 21.  
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Figure 20. Annual average water table position and soil temperature at 25cm below the surface 
vs. annual methane flux. 
Total 
Diffusion 
Ebullition 
Plant-mediated 
transport 
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Figure 21. Annual average water table position and soil temperature at 25 cm below the surface 
and annual methane flux per pathway, shown in 3D. 
 
5 Discussion 
For the first time, LPJ-GUESS WHyMe has been used to estimate CH4 emissions from Arctic 
tundra wetlands during the period of 1961-2009 according to multisource fractional wetland 
maps: GLWD-3, Matthews and Fung, and Kaplan 2007.  
Five parameters in the model were tested for sensitivity and optimized before the model was 
applied to simulate Arctic tundra CH4 emissions. CH4/CO2 and foxid were found to be the most 
important parameters influencing total CH4 fluxes in LPJ-GUESS WHyMe, similar to the 
findings of the Wania et al. (2010) study with LPJ-WHyMe. The signs of the RPCC values of 
these two important parameters also agree with the signs shown in Wania et al. (2012). The 
importance of foxid has a slight change with changing of time at BOREAS, but in general, the 
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spatial variances of the importance of parameters were more significant than the temporal 
variance (Table 5). This indicates that these parameters should be optimized when applying the 
model to local or regional simulations. However, the signs of the RPCC values of other three 
parameters were not totally in agreement with the signs shown in Wania et al. (2010). For 
example, the RPCC value for Rmoist in this study varies from positive (Sallmisuo, Degerö, 
Abisko) to negative (Minnesota, BOREAS), but Wania et al. (2010) find that it is always 
positive. For parameter optimization, our new method can confidently investigate a best overall 
parameter set that, at the same time, is the best site parameter set in a certain range (manually 
set to 50% in this study), but it’s obvious that the best overall parameter set cannot simulate a 
minimum overall error with respect to observations at each site (Table 7). In addition, it should 
be noted that the available sites of observations had a very limited representativeness of Arctic 
tundra due to only one site (Abisko) being situated in the study area. Comparing the best site 
parameters at Abisko with the overall best parameter set (Table 6), the parameters CH4/CO2 
and foxid, which most influence CH4 fluxes in the model, were lower and higher respectively, 
which is likely one of the reasons behind  our estimation of total CH4 fluxes from Arctic tundra 
being lower than previous published estimates (Table 12). The site simulations based on the 
best overall parameter set were located in the middle of the range of all simulations based on 
all testing parameter sets, which indicates that the ranges of parameters were reasonable 
although they were manually set (Table 3). The difference in total annual CH4 fluxes with the 
estimations in the Wania et al. (2010) study cannot only be explained as the result of difference 
in parameter sets, but it can also be considered a result of difference in model structure, i.e. the 
difference between a ‘gap model’ and a DGVM (Table 8). For the site simulations of three 
transport pathways, the sites which had the most plant-mediated transport fluxes also had the 
most WetGRS PFT annual NPP. It corresponds with the fact that only WetGRS PFT can 
transport CH4 (Frenzel & Rudolph 1998; Colmer 2003; Wania et al. 2009b). However, Table 
9 shows WetGRS PFT annual NPP is 0 or below in BOREAS, Degerö, and Abisko, which 
disagrees with the observation shown in Table 1. This is likely due to the fact that LPJ-GUESS 
WHyMe was not run separately for the microtopographical features seen in these wetlands, 
such as hummocks and hollows. Ebullition contributed the least CH4 fluxes, which agreed with 
the results in the Wania et al. (2010) study. The limited contribution of ebullition to total CH4 
fluxes was associated with uncertainty and a very variable importance of parameters for 
ebullition, probably due to its complexity as a process (Tokida et al. 2007) (Figure 6, Table 8, 
Table 9). In contrast, diffusion contributed the most CH4 fluxes and determined the peaks of 
total CH4 fluxes, but it has been shown using both model simulation and experiment that it is 
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typically lower than plant-mediated transport (Bhullar et al. 2013; Wania et al. 2010). In this 
thesis, it can be not identified if the difference was caused by overestimating diffusion or 
underestimating plant-mediated transport. In LPJ-GUESS WHyMe, the process of CH4 
diffusion depends on a number of experimental formulas based on temperature, amounts of 
water and air in the soil and the soil porosity (Broecker & Peng 1974; Iiyama & Hasegawa 
2005; Wania et al. 2010), and the process of CH4 plant-mediated transport depends on 
simulations of WetGRS PFT (Wania et al. 2010). Therefore, the balance between diffusion and 
plant-mediated transport could be a result of temperature, hydrology or performance in 
simulating WetGRS PFT, and work for a further study. 
The fractional wetland map is a significant influence on the quantitative estimation of regional 
CH4 emissions. The area of the Arctic tundra wetlands estimated from GLWD-3 was almost 
twice as large as the area estimated from Matthews & Fung and Kaplan 2007, and it seems to 
directly scale the Arctic tundra wetland CH4 emissions estimated from GLWD-3, which were 
also almost twice as much as from the other two maps (Table 10, Table 11). Furthermore, these 
large estimated CH4 emissions from GLWD-3 already touched the upper limit of estimated 
CH4 emissions from Matthews & Fung (Figure 12); therefore, the uncertainty of estimating 
regional CH4 emissions from the difference between GLWD-3 and the other two maps is much 
larger than from parameter sets. However, all regional simulations of CH4 emissions from three 
fractional wetland maps were underestimated comparing with the McGuire et al. (2012) paper. 
It is likely that one reason for these underestimates was parameter optimization. For three 
transport pathways, the model estimated about 31% of total Arctic tundra wetland CH4 emitted 
by plant-mediated transport that was well-match to the site simulation at Abisko (29.0%) 
(Table 8), which was the only observation in Arctic tundra. 
In contrast to the differences seen in the quantitative estimation of total Arctic tundra CH4 
emissions, fractional wetland maps showed a similar dynamically annual variation of Arctic 
tundra wetland CH4 emissions. The two obvious troughs in 1965 and 1992 could mainly have 
been forced by drops of atmospheric temperature due to the Mount Agung volcano eruption  in 
1963 and the Mount Pinatubo volcano eruption in 1991 (Mass & Portman 1989; Lucht et al. 
2002). The uncertainty of total annual CH4 emissions simulated by the best 12 parameter sets, 
which have the only differences in foxid and 𝑘exu
10 , result mainly from the uncertainty of annual 
diffusion emissions, and probably can be explained as the result of variations in foxid, which 
was identified as the second most influential parameter on diffusion in Abisko. The CH4 
emitted by plant-mediated transport was also significantly influenced by foxid, which played the 
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second most important role following CH4/CO2, but its uncertainty was not as large as 
diffusion’s (Table 5, Figure 13, and Figure 14). The extremely strong correlation in plant-
mediated transport among the three fractional wetland maps indicated that the temporal 
variances of plant-mediated transport are more coincident than that of the other transport 
pathways (Figure 15). In other words, diffusion and ebullition have more significant influence 
from spatial variances in Arctic tundra.  
For the detailed analysis of water table position and soil temperature, since WetGRS is the 
dominant PFT when the water table position is above the surface (over 0 m) and its low 
temperature limit and lower range of temperature for photosynthesis are −5°C and +5°C, the 
average annual NPP sharply decreased from +5°C to −5°C of soil temperature at 25 cm when 
the water table position is over 0 m (Figure 16). The annual NPP had a significant buffer when 
the water table position is at 0 m because the PFT ‘pmoss’ starts to grow. When the water table 
position is below −0.05m, the surface slope becomes gentler because the proportions of 
‘WetGRS’ and ‘pmoss’ are almost in equilibrium (Figure 16). The sharpest rise, which is 
located around −0.2 to −0.05 m of water table position and below -5°C of soil temperature at 
25 cm, is caused by uncertainties in surface fitting (Figure 16). In addition, since only 
‘WetGRS’ can be a plant-pathway for transport of CH4 (Frenzel & Rudolph 1998; Colmer 
2003; Wania et al. 2009b), the plant-mediated transport surface in Figure 21 can represent the 
relationship among the annual NPP of ‘WetGRS’, the water table position and the soil 
temperature at 25 cm. Therefore, the significant plant-mediated transport when the water table 
position is located between −0.1 to 0.1 m indicates that ‘WetGRS’ prefers to grow when the 
water table position lies in this range (Figure 20). The wide range of annual CH4 fluxes 
transported through plant, as well as ebullition but not diffusion, at the soil temperature of 0°C 
is probably due to the fact that ice melting can lead to thicker activity in soil layers, form where 
CH4 can be directly emitted to the atmosphere through aerenchyma (Figure 20). Ebullition only 
exist above 0 value of both water table position and soil temperature because of the several 
interacting model processes: bubble formation below the water table only, the bubbled methane 
into the first unsaturated layer if the water table is below the surface, and bubble formation if 
the soil temperature above 0°C (Figure 20). The fitting surface among total annual CH4 fluxes, 
water table position, and soil temperature also presents the combined characteristics of the each 
pathway’s surface and it shows annual CH4 fluxes are more sensitive to variability in soil 
temperature when the water table is above the surface, which is as same as the findings in the 
Olefeldt et al. (2013) study. For the seasonal analysis, in spring and autumn, the same situations 
44 
with plant-mediated transport that a wide range of annual CH4 fluxes exist when the soil 
temperature at 25 cm is 0°C (Figure 18). It can be identified that it is directly caused by plant-
mediated transport and water table position. However, the relationship between the CH4 fluxes 
and the water table position, which is nearly an exponential trend, does not present significant 
seasonal changes (Figure 18). 
6 Conclusion 
In this research, LPJ-GUESS WHyMe was used to estimate CH4 emissions from Arctic tundra 
wetlands using three different fractional wetland maps. The three fractional wetland maps led 
to significant differences in estimation of Arctic tundra CH4 emissions. The uncertainties of 
CH4 emissions in Arctic tundra caused by fractional wetland maps are larger than that those 
caused by parameter uncertainty. However, the temporal variability of CH4 emissions in Arctic 
tundra is not significantly different when using different fractional wetland maps. Diffusion 
has been detected as the dominant process for methane transport from wetland to the 
atmosphere in Arctic tundra. Soil temperature at 25 cm is more influential for CH4 fluxes in 
Arctic tundra if the water table position is above the soil surface. In addition, plant-mediated 
transport contributes the most particular characteristics when the soil temperature at 25 cm is 
around 0°C in spring and summer. In future research, the model, LPJ-GUESS WHyMe can be 
used to simulate CH4 emissions in future scenarios. Our results indicate that it would be a 
significant improvement if it also contained a model that simulates dynamic wetland fraction 
based on topography and driven by climate. 
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